Objective: Hydrogen peroxide (H 2 O 2 ) produced by the vascular endothelium is a signaling molecule regulating vascular tone. We hypothesized that H 2 O 2 derived from eNOS activity could play a physiological role in endothelium-dependent dilation of mouse cerebral arteries. Methods: Simultaneous endothelium-dependent dilation and fluorescence-associated free radical (DCF-DA) or NO (DAF-2) production were recorded in isolated and pressurized (60 mm Hg) cerebral artery of C57Bl/6 male mice. Results: Without synergism, N-nitro-L-arginine (L-NNA) or the H 2 O 2 scavengers catalase, PEG-catalase and pyruvate reduced (P b 0.05) by 50% the endothelium-dependent dilation induced by acetylcholine (ACh). Simultaneously with the dilation, H 2 O 2 -but not NOproduction, sensitive to either L-NNA or catalase, was detected. In cerebral arteries from C57Bl/6·eNOS −/− mice, catalase had no effect on ACh-induced dilation and no H 2 O 2 -associated fluorescence was observed. In C57Bl/6 mice, silver diethyldithiocarbamate (DETC), a superoxide dismutase (SOD) inhibitor, but not the specific NO scavenger 2-phenyl-4,4,5,5-tetramethyl-imidazoline-1-oxyl3-oxide (PTIO), prevented ACh-induced dilation and H 2 O 2 production suggesting that eNOS-derived superoxide is an intermediate in the production of H 2 O 2 . The catalase-sensitive ACh-induced dilation was restored by the eNOS cofactor tetrahydrobiopterin (BH 4 ). This reversal was associated with a NO-associated fluorescence sensitive to PTIO but not to catalase. Soluble guanylate cyclase inhibition with 1H-[1,2,4]-oxadiazole-4,3-aquinoxalin-1-one (ODQ) prevented the dilation induced by ACh and by exogenous H 2 O 2 . Lastly, L-NNA, PTIO and ODQbut not DETC, catalase or pyruvate -increased the pressure-dependent myogenic tone, suggesting that eNOS produces NO at rest, but leads to H 2 O 2 during muscarinic stimulation. Conclusion: H 2 O 2 -dependent dilation in mouse cerebral arteries appears to be a physiological eNOS-derived mechanism.
Introduction
Hydrogen peroxide (H 2 O 2 ), formed from superoxide (O 2 − ) as a result of the activity of various superoxide dismutases (SOD), is an important regulator of the function of the cerebrovascular wall [1, 2] . Although not a free radical, H 2 O 2 is a reactive oxidative species (ROS). It has been proposed to be an endothelium-derived hyperpolarizing factor (EDHF) both in cerebral [1] and peripheral [3] [4] [5] arteries. H 2 O 2 may also dilate arteries by alternative unknown means [6] [7] [8] , by stimulating the production of prostanoids [9] or the activation of soluble guanylate cyclase (sGC) [10] .
Under physiological conditions, the origin of O 2 − that leads to the formation of H 2 O 2 is unsettled. Endothelial NOS (eNOS) however, generates O 2 − during enzymatic cycling [11, 12] . The eNOS-dependent generation of O 2 − is proposed to be functionally significant only in pathological conditions and related to the limited availability of L-arginine, the substrate of eNOS, as well as of its essential cofactor tetrahydrobiopterin (BH 4 ) [13] [14] [15] . This concept has been challenged in a recent review article by Rabelink and Lüscher [16] where they proposed that eNOS-dependent O 2 − generation leading to the formation of H 2 O 2 may be relevant in physiological conditions for host defense. It is unclear however, if this concept applies to the regulation of vascular tone. Since H 2 O 2 is an important regulator of cerebrovascular tone [17] , we have investigated the role of endogenous H 2 O 2 during endothelial stimulation and its dependence on eNOS activation. We hypothesized that eNOS produces physiologically relevant levels of free radicals leading to H 2 O 2 -dependent dilation.
Materials and methods

Animals and tissues preparation
Our study has been approved by our institutional ethical committee and conforms to the "Guide for the Care and Use of Laboratory Animals" published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) . Experiments were conducted on cerebral arteries isolated from 3 month-old male mice of C57BL/6 (29 ± 1 g, n = 66; Charles River Laboratories, Quebec, Canada) and C57Bl/6·129P2-Nos3 tm1Unc /J (eNOS −/− , 24±1 g, n = 6; Jackson Laboratory, Maine, U.S.A.) using a method previously described [18] . Mice were anesthetized by CO 2 inhalation and the brain was rapidly removed from the cranial cavity and placed in ice-cold physiological salt solution (PSS) of the following composition (mmol/L): NaCl 130, KCl 4.7, CaCl 2 1.6, MgSO 4 1.17, NaHCO 3 14.9, KH 2 PO 4 1.18, EDTA 0.026, glucose 10. In all experiments, the PSS was oxygenated by a gas mixture containing 12% O 2 , 5% CO 2 and the balance of N 2 generating a pO 2 of 150 ± 10 mm Hg (n = 5; measured using the Nova Stat Profile M apparatus). In one series of experiments, the balance of N 2 was replaced by O 2 to obtain a gas mixture of 95% O 2 and 5% CO 2 generating a pO 2 of 410 ± 11 mm Hg (n = 5). Cerebral arteries (anterior, posterior and posterior communicating cerebral arteries) as well as the gracilis arteries were carefully isolated, cannulated at both ends and pressurized at 60 mm Hg (cerebral arteries) or 80 mm Hg (gracilis arteries, Ref. [18] ) in no-flow condition (internal diameter of 80-140 μm).
Reactivity studies
An equilibration period of 40 min was allowed before starting the experiment and the myogenic tone was measured. Similar vessel pre-constrictions (reduction of 50% of the maximal diameter) with phenylephrine (PE; 10 to 30 μmol/L) were obtained before each experiment. A single cumulative concentration-response curve to acetylcholine (ACh; 1 nmol/ L to 30 μmol/L), bradykinin (0.1 nmol/L to 0.3 μmol/L) or exogenous hydrogen peroxide (H 2 O 2 ; 1 nmol/L to 30 μmol/L) was performed on each segment. We used catalase (100 U/mL) or PEG-catalase (50 U/mL), N ω -nitro-L-arginine (L-NNA; 10 μmol/L), pyruvate (3 mmol/L), a H 2 O 2 scavenger [19] , silver diethyldithiocarbamate (DETC; 1 mmol/L), a superoxide dismutase (SOD) inhibitor, 2-phenyl-4,4,5,5-tetramethyl-imidazoline-1-oxyl3-oxide (PTIO; 100 μmol/L), a NO scavenger, indomethacin (10 μmol/L), 14,15-epoxyeicosa-5(Z)-enoic acid (EEZE; 1 μmol/L), a 11,12 epoxyeicosatrienoic acid (11, 12 EET) receptor antagonist [20] , tetrahydrobiopterin (BH 4 ; 10 μmol/L and 1 mmol/L) and 1H- [1, 2, 4] oxadiazolo- [4,3a] quinoxalin-1-one (ODQ; 10 μmol/L), a soluble guanylate 
Fluorescence studies
Pressurized cerebral arteries were incubated in oxygenated PSS (37°C) containing either 5 μmol/L of 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate acetyl ester (DCF-DA, a ROS-reacting fluorescent dye; Molecular Probe, OR, U.S.A.; Ref. [6, 21] ) or 10 μmol/L of 4,5-diaminofluorescein diacetate (DAF-2, a fluorescent dye more selective to NO; Calbiochem, CA, U.S.A.; Ref. [21, 22] ) 30 min before the beginning of the experiment with or without inhibitors. Vessels were then washed with PSS, preconstricted with PE and dilated with ACh (1 μmol/L) while recording simultaneously the changes in diameter and in fluorescence intensities of dichlorofluorescein retained intracellularly after cleavage of the acetate moieties. Fluorescence intensities at 492-495 nm (excitation) were measured at 520 nm with an IonOptix Acquire system (IonOptix, MA, U. S.A.). Before each experiment, basal fluorescence intensity was recorded. Results represent differences between stimulated and basal intensity.
Endothelial cell culture
Basilar artery of 3 month-old C57Bl/6 mice was isolated and endothelial cells (EC) were cultured as previously described [23] .
Determination of eNOS monomers and dimers
After 30 min incubation with or without BH 4 (1 mmol), cultured EC were resuspended for 30 min in a lysis buffer and proteins separated in non-reducing gels. In reducing conditions, 5 mmol/L of dithiothreitol was added. Rabbit antibody against eNOS (BD Biosciences, Mississauga, ON, Canada) diluted 1:100 was used.
Statistics
n refers to the number of animals used in each protocol. Half-maximum effective concentrations (EC 50 ) of ACh and exogenous H 2 O 2 were measured as previously described [18] . The pD 2 value is the − log of the EC 50 . Continuous variables are expressed as means ± standard error of the mean (SEM). The maximal diameter (D max ) was determined by changing the PSS to a Ca 2+ -free PSS [18] . Myogenic tone is expressed as percentage of the D max . Dilations are expressed as percentage of D max . ANOVA were performed to compare concentration-response curves. Differences were considered to be statistically significant when the P-value was b 0.05 (Scheffe's F test).
Results
Implication of H 2 O 2 and eNOS in cerebral vasodilation
The NOS inhibitor N ω -nitro-L-arginine (L-NNA, 10 μmol/L) reduced the endothelium-dependent dilation to ACh of cerebral arteries (Table 1, Fig. 1A ). Catalase (100 U/ mL) and the cell permeable PEG-catalase (50 U/mL) likewise reduced ACh-induced dilation (Table 1 , Fig. 1A and B) . Combination of L-NNA and catalase had no additive inhibitory effects on the dilatory response induced by ACh Table 1 ). (Fig. 1A) . In addition, bradykinin (0.1 nmol/L-1 μmol/L)-induced endothelium-dependent dilations (E max = 41 ± 3%) were also significantly reduced by catalase (E max = 28 ± 4%, n = 3, P b 0.05).
Addition of pyruvate (3 mmol/L), a H 2 O 2 scavenger, or DETC (1 mmol/L), a SOD inhibitor, reduced ACh-induced maximal dilation (Table 1, Fig. 1B) . The NO scavenger PTIO (100 μmol/L) however, had no inhibitory effect on the dilation induced by ACh (Table 1, Fig. 1B) .
To confirm these pharmacological data, H 2 O 2 production was assessed in pressurized vessels after incorporation of the fluorescent ROS-reactive dye, DCF-DA [24] . ACh-induced dilation was associated with an increase in fluorescent intensity ( Fig. 2A and C) : ROS-dependent signals were abolished by L-NNA, catalase, DETC and pyruvate, but not by PTIO (Fig. 2C) , demonstrating the specificity of the dye for H 2 O 2 in our experimental conditions.
ACh-induced dilation of cerebral arteries of eNOS
−/− mice and gracilis arteries of C57Bl/6 mice To confirm that H 2 O 2 originated from eNOS, cerebral arteries were isolated from C57Bl/6·eNOS −/− mice: ACh induced a dilation that was neither affected by L-NNA nor by catalase (Fig. 3A) . In addition, ACh-induced dilation did not significantly increase the fluorescence intensity of DCF-DA (+ 36 ± 10 a.u. in eNOS −/− compared to + 189 ± 33 a.u. in cerebral arteries from C57Bl/6 mice; n = 4 per group, P b 0.05).
Similar experiments were performed in pressurized mouse gracilis arteries (80-140 μm) from C57Bl/6 mice. AChinduced dilation was sensitive to L-NNA but insensitive to catalase (Fig. 3B) . ACh-induced dilation was not associated with a rise in DCF-associated fluorescence intensity (+ 44 ± 12 a.u. to ACh, 1 μmol/L) suggesting that H 2 O 2 is not a ubiquitous pathway in the vasculature.
Effects of BH 4 on eNOS activity
BH 4 (1 mmol/L) per se did not affect ACh-induced dilation but restored the reduction of ACh-induced dilation by catalase (Table 1, Fig. 4A ). Excess of BH 4 led to the production of NO, as revealed by the apparition of a strong DAF-2-associated fluorescence ( Fig. 2B and D) . This signal was insensitive to catalase ( Fig. 2D ) but was prevented by PTIO (Fig. 2D ) alone with no further inhibition of the signal by combination with pyruvate. Providing an excess of BH 4 however, also strongly increased the production of H 2 O 2 as revealed by the rise in DCF-associated fluorescence intensity (Fig. 2C ): This increase in fluorescence was sensitive to catalase and L-NNA (Fig. 2C) . As a functional consequence, ACh-induced dilation in the presence of BH 4 was decreased by a combination of PTIO and pyruvate but not by single NO or H 2 O 2 scavenging (Fig. 4C) . In pressurized gracilis arteries, BH 4 addition had however no effect on H 2 O 2 production (+ 101 ± 40 a.u. and 95 ± 1 a.u. with and without BH 4 , respectively, n = 4 per group).
In the presence of catalase, the threshold concentration of BH 4 that promoted eNOS-dependent NO-mediated dilation was found to be 1 mmol/L. At a concentration of 10 μmol/L of BH 4 , ACh (1 μmol/L)-induced dilation (13 ± 1%) was similar to that obtained in the presence of catalase alone. At 1 mmol/L, however, the dilation was significantly greater (35 ± 1%) and normalized the dilation to ACh in the presence of catalase (Fig. 4) . DAF-2-dependent fluorescence measured Fig. 3 . Effect of L-NNA (10 μmol/L) and catalase (100 U/mL) on AChinduced dilation in (A) cerebral arteries isolated from eNOS −/− mice (n = 6) and (B) gracilis arteries isolated from C57Bl/6 mice (n = 3). ⁎ P b 0.05 compared to control. Fig. 4 . Effects of BH 4 alone or in combination with catalase on the endothelium-dependent dilation to ACh (A) (n numbers are in Table 1 ). In Cultured endothelial cells isolated from the mouse basilar artery were incubated with or without BH 4 (1 mmol/L). Both monomers and homodimers of eNOS proteins were detected by Western blot, and the relative expression of monomers versus dimers was not altered by exposure to BH 4 (Fig. 4B) .
Effect of high O 2 tension on ACh-induced dilation
In order to determine whether eNOS-dependent H 2 O 2 production was sensitive to pro-oxidative high O 2 tension, a series of experiments was performed in PSS aerated with a mixture of 95% O 2 and 5% CO 2 generating a pO 2 of 410 ± 11 mm Hg (n = 5) compared to 150 ± 10 mm Hg (n = 5) in 12% O 2 (without affecting pH). In conditions of high O 2 tension, the maximal dilation induced by ACh (1 μmol/L) was (P b 0.05) reduced (Fig. 5A ). More importantly, eNOS activation led to a greater (P b 0.05) DAF signal and a lower (P b 0.05) DCF-DA signal (Fig. 5B) , suggestive of a greater NO production and a lower H 2 O 2 production, in conditions with high O 2 tension. This was confirmed functionally, as catalase no longer reduced (P b 0.05) the dilation induced by ACh (Fig. 5A) . L-NNA (10 μmol/L) however, completely prevented the dilation induced by ACh in PSS aerated with 95% O 2 (data not shown).
Dilatory mechanism of action of H 2 O 2
ODQ (1 μmol/L), an inhibitor of the sGC, reduced the dilatory response triggered by ACh as efficiently as catalase (Table 1, Fig. 6A ). Exogenous H 2 O 2 induced an endothelium-independent dilation (Fig. 6B) , which was abolished in the presence of ODQ. Likewise, catalase prevented exogenous H 2 O 2 -induced dilation.
Impact of eNOS activity on myogenic tone
L-NNA, PTIO and ODQ strongly increased myogenic tone (Table 1) . In contrast, addition of catalase, pyruvate and DETC did not affect myogenic tone (Table 1) . BH 4 did not reduce the myogenic response.
Other factors involved in ACh-induced dilation of C57Bl/6 mouse cerebral arteries
In C57Bl/6 mouse cerebral arteries, indomethacin, a cyclooxygenase (COX) inhibitor, reduced the dilatory effect of ACh ( Table 1 ). The involvement of EDHF was first tested in the presence of apamin and charybdotoxin (Table 1 ). In our experimental conditions, the combination of the two toxins did not significantly limit the dilatory response triggered by ACh (Table 1 ). In the presence of iberiotoxin however, the dilation induced by ACh was reduced. Activation of BK Ca by endothelium-derived arachidonic acid metabolite 11,12 epoxyecosatrienoic acids (11,12 EET) hyperpolarizes smooth muscle [20] . 14,15-epoxyeicosa-5(Z)-enoic acid (EZEE), a 11,12 EET receptor antagonist [18, 20] reduced ACh-induced dilation similarly to iberiotoxin. Altogether, co-addition of indomethacin, catalase and EZEE abolished ACh-induced dilation (Table 1) as efficiently as removal of the endothelium (Fig. 1A) .
Discussion
The results of the present study suggest that H 2 O 2 derived from eNOS activity is an EDRF in pressurized cerebral arteries isolated from young and healthy C57Bl/6 mice. ACh-induced dilation was sensitive without synergism, to eNOS inhibition and H 2 O 2 scavengers and associated with H 2 O 2 production, which was prevented by L-NNA, catalase, DETC and pyruvate. This H 2 O 2 -dependent response was absent in cerebral arteries from eNOS −/− mice. This supports the concept that in C57Bl/6 mouse cerebral arteries, activation of eNOS-dependent dilation is partly mediated by H 2 O 2 and that this pathway is physiologically relevant. This confirms the seminal report of Rosenblum [25] who demonstrated that in vivo, bradykinin-induced cerebrovascular dilation was sensitive to catalase in mice. On the other hand, our findings are in contrast with the eNOS-dependent generation of O 2 − , which has only been observed in pathological states [26] .
Inhibition of the eNOS limited the dilation as well as H 2 O 2 scavengers, which strongly suggests that H 2 O 2 originates from stimulated eNOS activity. This hypothesis is supported by the absence of H 2 O 2 -associated fluorescence in cerebral arteries incubated in the presence of L-NNA as well as in cerebral arteries isolated from eNOS −/− mice. In the present study, eNOS −/− mice imposed to us as the model of choice to validate our hypothesis that eNOS was the source of H 2 O 2 despite the fact that we [27] and others [28] have reported that these knockout mice develop compensatory mechanisms to minimize the effect of eNOS disruption on the regulation of the cerebral blood flow.
The specificity of the two fluorescent dyes used in the study for H 2 O 2 and NO (DCF-DA and DAF, respectively) is illustrated by the data presented in Fig. 2 . While DCF signals were abolished by H 2 O 2 scavenging, they were insensitive to PTIO suggesting that in these healthy arteries and in our experimental conditions peroxynitrites are not produced. Peroxynitrites would have been detected by DCF [24] and their production prevented by PTIO (Fig. 2C) − most likely requires endothelial superoxide dismutases (SOD) as revealed by the inhibitory effects of DETC. Our demonstration of the critical role of SOD in the regulation of vascular tone confirms previous reports using human coronary and submucosal intestinal arteries [4, 8] . In vivo, the dilation to ACh of cerebral arterioles of Mn SOD +/− mice is also impaired [17] . Although in SOD deficient mice, excess free radicals may have damaged the endothelium and perturbed NO availability, our study further supports the concept for a physiological role of H 2 O 2 : a significant part of the endothelium-dependent dilation induced by ACh is reduced by H 2 O 2 scavenging.
The production of O 2 − by eNOS is generally referred to as "eNOS uncoupling" [13, 15] , which is believed to be associated to the pro-oxidative environment of cardiovascular diseases [2] . Re-coupling of eNOS to produce NO is achieved by exposing the endothelium to BH 4 [29] , a cofactor of eNOS. It has been shown that the cerebrum of healthy mice contains an average level of BH 4 of 90-100 pmol/g of tissue, a value 3 to 4 times lower than other tissues [30] . It is unlikely however, that a limited availability of BH 4 is responsible for the eNOS-dependent production of O 2 − in these healthy vessels. First, eNOS activation in the presence of BH 4 induces the production of NO which is also associated with a great production of H 2 O 2 . There is a functional consequence: the inhibitory effect of catalase on the dilation, observed in the absence of exogenous BH 4 , is compensated by NO and conversely, scavenging of only NO by PTIO is insufficient to prevent the dilation induced by ACh due to the simultaneous increased production of H 2 O 2 . This is why both scavengers are required to prevent the dilation induced by ACh in the presence of BH 4 . Second, in the presence of a high O 2 tension, ACh-induced dilation became NO-dependent, while the DCF-DA signal was reduced, an effect therefore independent of the concentration of BH 4 . Mouse blood pO 2 is slightly over 140 mm Hg [31] and was closely matched by our normal experimental conditions using 12% O 2 . Other teams studying small resistance artery physiology use either 10% O 2 [32, 33] or 21% O 2 [34, 35] . Hence, our data promote the concept that the production of H 2 O 2 originating from eNOS activation may represent a "physiological eNOS uncoupling" state in mouse cerebral arteries. The "eNOS uncoupling" that leads to O 2 − production has been associated with a predominance of eNOS proteins in the monomer configuration [36] . In our hands, exposure to BH 4 of endothelial cells isolated from mouse basilar arteries did not favor an allosteric remodeling towards the homodimer configuration of eNOS proteins. This supports therefore the concept proposed by Rabelink and Lüscher [16] that eNOS uncoupling may occur physiologically and suggests that in mouse cerebral arteries, eNOS can function in a coupled state, responsible for the resting and constitutive release of NO as evidenced by the NO-dependent regulation of myogenic tone, and in an uncoupled state, during agonist-dependent stimulation. Our results suggest therefore that BH 4 directly modifies eNOS-dependent activation rather than its dimerization, as proposed by other studies [37, 38] .
Providing an excess of BH 4 was not indeed associated with a direct activation of eNOS: the myogenic tone was not decreased by the cofactor. On the other hand, L-NNA, PTIO and ODQ, unlike catalase, pyruvate and DETC, strongly increased myogenic tone supporting the current knowledge that in resting conditions, eNOS produces NO that regulates basal vascular tone [1] .
The dilatory mechanisms of action of H 2 O 2 were first investigated by challenging the vessels with exogenous H 2 O 2 , which induced an endothelium-independent dilation as previously reported in human coronary arteries [4] . In our hands, the dilation was initiated at low sub-nanomolar concentrations, while sub-micromolar concentrations are required in peripheral arteries [3, 4] . This further demonstrates the high sensitivity of mouse cerebral arteries to peroxide. This dilation was prevented by ODQ, the soluble guanylate cyclase inhibitor, suggesting that H 2 O 2 shares a similar dilatory pathway with NO [10] . Likewise, ACh-induced dilation was prevented by ODQ.
The dilation induced by ACh was not completely blocked by catalase, suggesting the involvement of other endothelium-derived relaxing factors. Cyclooxygenase inhibition reduced significantly the efficacy of ACh likely by preventing the production of prostacyclin. In addition to H 2 O 2 and prostacyclin, the involvement of a hyperpolarizing factor in cerebral arteries had to be expected [1] . As reported by others in the cerebral circulation [39] , we observed that inhibition of 11,12 EET receptors by EZEE [18] significantly impaired the dilation induced by ACh. Arachidonic acidderived 11,12 EET hyperpolarizes smooth muscle cells by activating iberiotoxin-sensitive BK Ca channels as previously shown [20, 40] . Our data are therefore in line with the literature.
In conclusion, our results suggest that ACh-dependent eNOS activation leads to a dilation essentially triggered by H 2 O 2 in pressurized cerebral arteries isolated from C57Bl/6 mice. Like NO, H 2 O 2 activates the soluble guanylate cyclase. This "physiological eNOS uncoupling" can be overcome by providing an excess of BH 4 although eNOS produces NO in resting conditions. This eNOS-dependent pathway is not universally distributed in the vasculature but may be a key endothelium-dependent pathway of dilation in the brain.
